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Summary 
Excitatory synaptic activity in horizontal stratum or- 
iens-alveus interneurons (OAls) is driven by the recur- 
rent collaterals of CA1 pyramidal cells and is strongly 
influenced by protocols that elicit synaptic plasticity 
in these principal neurons. Induction of LTD in the 
Schaffer collateral-CA1 pyramidal neuron synapse 
causes a passive down-regulation of stratum radia- 
turn-evoked excitatory synaptic responses onto OAls. 
In addition, we show that the strength of the tempo- 
roammonic input to the CA1 pyramidal neuron distal 
dendrites is regulated by OAI activity. The passive 
propagation of LTD to OAls consequently disinhibits 
the direct entorhinal cortex-CA1 input, resulting in an 
enhanced excitation of CA1 pyramidal neurons by a 
mechanism not requiring activation of the trisynaptic 
pathway. 
Introduction 
Long-term potentiation (LTP) and depression (LTD) have 
been extensively studied as models of synaptic plasticity 
(Artola and Singer, 1993; Bliss and Collingridge, 1993; 
Bear and Malenka, 1994; Linden, 1994). The conse- 
quencesof induction of these phenomena on hippocampal 
neuronal network activity, however, are largely unknown. 
In the hippocampus, inhibitory neurons are believed to 
play a crucial role in the regulation of local circuits (Lacaille 
et al., 1987,1989; Lacaille and Schwartzkroin, 1988b; Buhl 
et al., 1994) and therefore LTD or LTP of their synaptic 
responses will strongly influence the computational prop- 
ertiesoftheentiresystem. Among themanydifferent types 
of interneurons that have been characterized so far, hori- 
zontally oriented stratum oriens-alveus interneurons 
(OAls) have been shown to arborize their axon terminals 
mainly in the stratum lacunosum-moleculare and have 
been suggested to control the direct entorhinal inputs to 
the CA1 region (Naus et al., 1988; Schwartzkroin et al., 
1990; Gulyas et al., 1993a, 1993b; McBain et al., 1994). 
This direct afferent projection, the so-called temporoam- 
manic pathway, originates from cells located in layers Ill 
and IV of the entorhinal cortex (EC; Steward and Scoville, 
1976; Doller and Weight, 1982; Witter et al., 1988) and 
has been proposed to preset the CA1 pyramidal cells for 
reception of afferent excitation arising through the trisy- 
naptic circuit (Segal, 1972; Schwartzkroin et al., 1990) to 
facilitate polysynaptic LTP (Buzsaki, 1988), or even to be 
the major entorhinal input to the hippocampus during low 
frequency afferent activity (Jones, 1993). In the present 
paper, we have studied the effects of homosynaptic LTD- 
inducing protocols (Dudek and Bear, 1992, 1993) on the 
synaptic responses of OAls using the in vitro hippocampal 
slice preparation (Edwards et al., 1989). We show here 
that OAls undergo a novel form of LTD of evoked synaptic 
responses that is strictly dependent upon the firing activity 
of CA1 pyramidal cells and is independent of intracellular 
Cap+-tr iggered events. In addition, we have investigated 
the consequences of CA1 pyramidal neuron-driven feed- 
back inhibition on the synaptic responses elicited by stimu- 
lation of the direct entorhinal projection to the CA1 subfield 
as well as the impact of synaptic plasticity on this circuit. 
Results 
Excitatory postsynaptic potentials (EPSPs) obtained by 
the stimulation of stratum radiatum afferents were re- 
corded in whole-cell, current-clamp configuration from 
OAls, while simultaneously monitoring the extracellular 
field population spike (fPS) of the CA1 pyramidal layer 
(Figure 1Al). The vast majority of the recordings used in 
this study were obtained from visually identified neurons 
whose dendritic trees projected horizontally along the lon- 
gitudinal axis of the slice and whose axons crossed both 
stratum pyramidale and stratum radiatum and passed into 
stratum lacunosum-moleculare, as ascertained by post 
hoc morphological processing (Figure lA2) (McBain et al., 
1994). After establishing a baseline of synaptic transmis- 
sion (0.1 Hz), a higher frequency stimulation protocol (10 
min, 1 Hz) was applied to induce LTD (see Experimental 
Procedures). This resulted in a transient increase in both 
the pyramidal cell fPS amplitude and the interneuron 
EPSP slope that rapidly declined to a stable depression 
(27.6% + 8.4% and 15.7% -r- 6.1% of control fPS ampli- 
tude and EPSP slope, respectively; n = 7; p < .Ol ; Figures 
191 and 192) which persisted until the end of the re- 
cording (up to 30 min). The depression of the OAI synaptic 
response was possibly a result of direct induction of LTD 
occurring at putative feed-forward synapses between stra- 
tum radiatum afferents and OAI interneurons (Ouardouz 
and Lacaille, 1995). Alternatively, it may arise indirectly, as 
a consequence of decreased firing activity in the recurrent 
collaterals from depressed CA1 pyramidal cells. 
If the LTD of OAls resulted from adirect cellular phenom- 
enon similar to that described in CA1 pyramidal cells, its 
induction should depend upon a rise of intracellular Ca2+. 
As previously shown, buffering of the intracellular Ca2+ 
levels in CA1 pyramidal cells can prevent the establish- 
ment of LTD at CAS-CA1 synapses (Mulkey and Malenka, 
1992). A repeat of this experiment using whole-cell re- 
cording from CA1 pyramidal cells and electrodes filled with 
the Ca*+ chelating agent EGTA (30 mM) revealed a block of 
the induction of LTD of stratum radiatum-evoked EPSPs 
(121% f 22.1% of control; n = 4; p = .38; Figure 2A2); 
however, we were still able to induce LTD of the simultane- 
ously recorded fPS (53.1% + 4.1% of control; n = 4; 
Neuron 
136 
Al 
A2 
30 ms 
st. radiatum 
0 10 20 30 40 
min 
0 10 20 30 40 
min 
p < .Ol ; Figure 2Al). In marked contrast, the use of EGTA- 
containing electrodes was ineffective in preventing the in- 
duction of LTD in recordings made from OAls (32.4% + 
11.5% of control; n = 3; p < .Ol ; Figure 262). The depres- 
sion of the synaptic response was similar in magnitude to 
the depression of the fPS (fPS amplitude = 43.9% + 
7.9% of control; n = 3; p < .Ol; Figure 281) and was 
indistinguishable from the control experiments described 
above (43.9% f 7.9% [n = 31 versus 27.6% & 8.4% 
[n = 71; p = .28). Moreover, 30 min after establishment 
of a stable depression, application of a repeated high fre- 
quency protocol (100 Hz; see Experimental Procedures) 
could restore or even potentiate the original synaptic re- 
sponse(l09% f 12.5% for thefPS and 106.6% f 10.8% 
for the EPSP; n = 3; Figure 28). In an additional three 
200, 1 Hz 
Figure 1. LTD of the Simultaneously Re- 
corded OAI EPSP and Pyramidal Cell fPS 
(Al) Experimental arrangement showing the 
position of stimulating and recording elec- 
trodes in the hippocampal slice preparation. 
Stratum radiatum afferents are excited, and re- 
sponses are recorded by both an extracellular 
electrode in stratum pyramidale and a whole- 
cell pipette sealed on a stratum oriens-alveus 
interneuron (OAI). 
(A2) Camera lucida tracing of a typical hori- 
zontal interneuron: the dendritic tree runs par- 
allel to stratum pyramidale, and the axon collat- 
erals primarily ascend into and ramify in 
stratum lacunosum-moleculare. 
(61 and 82) Ensemble averages for fPS ampli- 
tudes (Bl) and interneuron EPSP slopes (82) 
recorded simultaneously in the same slice. 
Stimulation at 1 Hz for IO min elicited a stable 
depression of both responses (fPS amplitude 
and EPSP slope were reduced to 27.6% f 
6.4%and 15.7% f 6.1%, respectively). Insets 
in (Bl) and (82) show original traces from a 
representative experiment before (1) and after 
(2) LTD, and superimposed (1, 2). 
recordings in which the extracellular field potential was 
not monitored, EGTA-loaded electrodes (30 mM [n = 11 
and 10 mM [n = 21) were not able to prevent the formation 
of LTD in OAls. These experiments suggest that the LTD 
and LTP elicited in the OAls did not result from the direct 
activation of these cells by the stratum radiatum afferents, 
as was observed in the pyramidal cell recordings. It was 
considered possible that this phenomenon resulted from 
a form of Ca2+-independent synaptic plasticity or from a 
Ca*+-dependent pfesynapfic process similar to that de- 
scribed for the induction of LTP at the mossy fiber-CA3 
synapse (Zalutsky and Nicoll, 1990). Alternatively, it may 
simply result from an attenuation of the feedback excit- 
atory drive from CA1 pyramidal neurons that themselves 
are undergoing synaptic depression. 
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Figure 2. EGTA-Loaded Electrodes Prevent 
Formation of LTD in Pyramidal Cells but Not 
OAls 
(Al) Ensemble average plot of the fPS ampli- 
tude showing the reduction of the synaptic re- 
sponse following an LTD-inducing protocol 
(53.1% + 4.1%). 
(A2) The simultaneously recorded synaptic 
EPSP from single pyramidal cells failed to ex- 
press LTD as shown in the average graph 
(121% f 22.1%). insets in (Al) and (A2) are 
original records before (1) and after (2) LTD. 
and superimposed (1, 2). 
(Bl) The fPS amplitude is depressed by low 
frequency (1 Hz) and potentiated by high fre- 
quency (100 Hz) stimulation (43.9% k 7.9% 
and 106% k 10.6%, respectively). 
(62) Ensemble average for OAI EPSP slope 
measured simultaneously with the fPS: both 
LTD- and LTP-inducing protocols are success- 
ful (32.4% * 11.5% and 109% + 12.50/o, re- 
spectively). Original traces are shown in (Bl) 
and (82) before (1). after LTD (2), and after 
LTP (3). 
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Figure 3. Temporal Relationship between the fPS and EPSP 
(A) Stimulation of stratum radiatum afferents elicits in the interneuron 
an EPSP that follows the peak of the fPS negativity. The dotted lines 
indicate stimulation (1) the peak of the fPS (2) and the onset of the 
interneuron EPSP (3). 
(9) In another pair of recordings, the stimulating electrode was placed 
in the alveus (see Figure 4A for recording configuration). The anti- 
dromic fPS originates immediately after the stimulus artifact (1). Note, 
however, that the peak of the fPS (2) again precedes the onset of the 
EPSP in the OAI (3). 
(C) Summary graph of the latencies from the stimulus to the fPS peak 
(latency 1-2) and from the fPS peak to the EPSP onset (latency 2-3) 
shows the dependence upon the stimulation site. The latency l-2 
measured after antidromic stimulation is smaller when compared with 
orthodromic activation (3.33 & 0.53 ms [n = 61 versus 9.63 + 0.40 
ms [n = 161, respectively; p < .Ol). In contrast, the latency 2-3 is 
unchanged (1.79 f 0.41 ms [n = 61 versus 1.45 ? 0.24 ms [n = 
161, respectively; p = .46). 
(D) Stratum radiatum stimulation. An input-output plot for both the 
fPS and OAI EPSP of a double recording illustrates an almost identical 
dependence of both synaptic responses upon the stimulus strength. 
Identical results were obtain from an additional three recordings. 
We next analyzed the temporal relationship between the 
onset of the EPSP in OAI and the peak of the pyramidal 
layer fPS under different experimental conditions. Using 
the recording configuration described above, stimulation 
of stratum radiatum afferents always elicited an EPSP in 
the OAI that was delayed in its onset when compared with 
the peak of the fPS (Figure 3A). Occasionally (n = 3), we 
could record action potentials in the OAI recording that 
occurred before the peak of the fPS; however, these 
events were never generated by a preceding EPSP and 
were interpreted as arising from antidromic stimulation of 
the OAI axon, further supporting the anatomical localiza- 
tion of the axon in stratum lacunosum-moleculare (data 
not shown). Placement of the stimulating electrode in the 
alveus to activate the axons of the CA1 pyramidal neurons 
antidromically (see Figure 4 for recording configuration) 
greatly reduced the latency from the stimulus artifact to 
the onset of the OAI EPSP (Figures 38 and 3C). However,  
the latency between the peak of the pyramidal neuron 
antidromic fPS and the onset of the EPSP was virtually 
unchanged, suggesting a direct dependence of the OAI 
EPSP generation upon the fPS peak. The onset of the fPS 
was never coincident with the generation of the OAI EPSP. 
The input-output curves (Figure 3D) of the fPS amplitude 
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Figure 4. Alveus Stimulation Is Not Effective in Eliciting LTD in OAls 
under either Whole-Cell or Perforated-Patch Recording Conditions 
(Al) The upper panel shows the experimental placement of the field 
(stratum pyramidale), whole-cell (OAI), and stimulating (alveus) elec- 
trodes. A cut was placed through stratum oriens and stratum radiatum 
to minimize the contamination of afferent fibers. The lower panel shows 
ensemble averages of antidromic fPS amplitude during an LTD induc- 
ing-protocol; the fPS is virtually unchanged (69.5% + 4.6%; n = 6). 
(A2) Simultaneous interneuron whole-cell recordings show a failure in 
LTD induction (115.2% & 15.3%; solid circles; n = 6). The open 
crrcles allow a comparison with a similar set of experiments performed 
under perforated-patch recording conditions, in which no LTD could 
be observed (119.0% f 13.1%; n = 3). 
Insets in (Al) and (A2) are traces before (1) and after (2) 1 Hz stimula- 
tion, and superimposed (1, 2). For clarity, SEM bars are not shown in 
this figure. 
and EPSP slope showed a considerable overlap, consis- 
tent with the hypothesis that the generation of the in- 
terneuron EPSP is dependent upon the number of pyrami- 
dal cells firing and the resulting fPS. These data further 
suggest that the LTD observed in OAls results from the 
passive propagation of the LTD occurring at the CAB-CA1 
Schaffer collateral synapses. 
The induction of LTD at the Schaffer collateral-CA1 py- 
ramidal neuron synapse may attenuate the fidelity of the 
afferent excitation of OAls by CA1 pyramidal neurons, pos- 
sibly masking the induction of any direct LTD between the 
CA1 pyramidal neuron recurrent collateral-OAI synapses. 
Therefore, we next performed experiments in which we 
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Figure 5. CA1 Pyramidal Cell Driven-Inhibition of the fEPSP Is Specific to Afferents from the Temporoammonic Pathway and Not the Stratum 
Radiatum 
(A) Experimental setup. A stimulating electrode is positioned in the alveus to activate the CA1 pyramidal cells antidromically (Si) and precondition 
the subsequent responses elicited either by the temporoammonic pathway stimulation (S2) or by stratum radiatum afferents (S3). Extracellular 
electrodes are placed in the pyramidal layer (RI) for fPS recording and rn stratum radiatum (R3) or stratum lacunosum-moleculare (R2) for fEPSP 
measurements. 
(6) Normalized plot of the conditioning effect of alveus stimulation (Sl) on the fEPSP evoked by the direct EC-CA1 pathway activation (S2; - 15 
ms interstimulus interval). fEPSPs are elicited at a constant stimulus strength, while the level of the conditioning stimulus is progressively increased. 
The maximal antidromically activated fPS reduces the normalized fEPSP from 0.967 f 0.042 without preconditioning to 0.769 f 0.056 (n = 7). 
fPS and fEPSP average data points are fitted by a Boltzmann equation. The upper panel shows the original traces recorded in stratum pyramidale 
(RI) and stratum lacunosum-moleculare (R2), without preconditioning stimulation (1) and wrth maximal preconditioning stimulation (2) in a single 
experiment. Bars, 0.2 mV and 10 ms (R2), 0.5 mV and 5 ms (Rl). 
(C) Similar protocol to that in (B) applied to the same slice, after moving the stimulating electrode from location S2 to S3 (stratum radiatum) and 
the recording electrode from R2 to R3 (stratum radiatum). Alveus preconditioning is almost ineffective; the normalized fEPSP (R3) recording in 
stratum radiatum is virtually unchanged by antidromic activation of pyramidal cells (0.934 2 0.042 without preconditioning versus 0. 905 & 0.052 
at maximal preconditioning strength; n = 7). Average data points for the fPS are fitted by a Boltzmann function, similarly to that in (B), while a 
linear fit is required for fEPSP values. The upper panel shows traces for the fEPSP (R3) and fPS (Rl) at different alveus stimulation levels (1 and 
2). Ears, 0.2 mV and 10 ms (fEPSP), 0.5 mV and 5 ms (fPS). 
(D) Summary graph of the results. The fitted curves for the two different configurations (B and C) are superimposed. The curves referring to the 
fEPSP amplitude have been shifted to a common starting point to facilitate their comparison. Although the fitted curves referring to the fPS are 
virtually identical, antidromically driven feedback inhibition is successful only on the fEPSP recorded in stratum lacunosum-moleculare and elicited 
by activation of the direct temporoammonic path. Stratum radiatum-activated fEPSPs display almost no inhibition. 
selectively evoked monosynaptic EPSPs onto OAls by washout of some essential component required from the 
stimulating the recurrent axon collaterals of CA1 pyrami- intracellular compartment of these cells, we repeated 
dal cells(Figure 4). In this recording configuration, stimula- these experiments using perforated-patch techniques. Us-  
tion of the alveus results in the selective antidromic activa- ing electrodes filled with either nystatin or amphotericin 
tion of the axons of the CA1 pyramidal neurons, whose B, no cellular form of LTD could be induced by activation 
recurrent collaterals monosynaptically innervate the OAI of the monosynaptic input to the OAls (119.0% f 13.1% 
population. In these experiments, stimulation of the alveus of control EPSP slope; n = 3; Figure 4A2, open circles). 
did not depress either the antidromic fPS amplitude or Furthermore, we were able to elicit LTD in pyramidal neu- 
the interneuron monosynaptic EPSP (89.5% -r- 4.6% and rons under identical whole-cell recording conditions. Stim- 
115.2% & 15.3%, respectively; n = 6; Figures 4Al and ulation (1 Hz) of stratum radiatum afferents elicited LTD 
4A2, closed circles), thus excluding, under our experimen- of both the whole-cell-recorded pyramidal cell EPSP and 
tal conditions, the possibility of a direct cellular form of the extracellular fPS (EPSP slope and fPS amplitude de- 
interneuron plasticity similar to the one described already creased to 68.9% + 2.6% and 32.3% + 9.60/o, respec- 
in CA1 pyramidal cells. To demonstrate that the lack of tively; n = 5; p < .Ol; data not shown). 
LTD formation in the OAls did not result simply from the Despite the lack of a direct monosynaptic form of synap- 
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tic plasticity between CA1 pyramidal neurons and OAls, 
we have demonstrated that LTD-inducing protocols can 
strongly affect the afferent excitation of OAI activity indi- 
rectly. We next considered whether changes in the output 
of the OAls, in turn, could influence the excitatory inputs 
arising from the direct entorhinal-hippocampal projec- 
tions to the CA1 hippocampus, which have been proposed 
to be under OAI control. To test this hypothesis, we simul- 
taneously recorded both the stratum pyramidale fPS and 
the stratum lacunosum-moleculare field EPSP (fEPSP) us- 
ing two pairs of electrodes (Figure 5A). Pairing alveus stim- 
ulation, to elicit a pure antidromic CA1 pyramidal neuron 
fPS, with activation of the temporoammonic path (sepa- 
rated by an - 15 ms  delay) allowed us to study the influ- 
ence of CA1 pyramidal cell-driven OAI firing on the activity 
of direct entorhinal inputs into the CA1 hippocampus. Us- 
ing a fixed stimulus intensity, the fEPSP elicited by tempo- 
roammonic path stimulation was progressively reduced 
as the strength of the preceding conditioning alveusstimuli 
was increased (Figure 58). The maximal inhibitory effect 
of alveus stimulation on temporoammonic path-evoked 
activity decreased the normalized fEPSP amplitude re- 
corded in stratum lacunosum-moleculare from 0.97 + 
0.04 (no alveus conditioning) to 0.78 + 0.05 (Figure 56; 
n = 7). In contrast, alveus conditioning was almost ineffec- 
tive when paired to stratum radiatum stimulation in the 
same slices (normalized fEPSP amplitude was 0.93 -1- 
0.04 without alveus conditioning and 0.91 + 0.07 with 
maximal conditioning; Figure 5C). These data are consis- 
tent with the hypothesis that OAls driven by the recurrent 
collaterals of CA1 pyramidal neurons provide a feedback 
inhibition of the entorhinal input onto the distal dendrites 
of CA1 pyramidal cells. Finally, using stimulus paradigms 
previously shown to elicit passive LTD in the OAI, we deter- 
Figure 6. LTD of the Stratum Pyramrdale fPS 
IS Accompanied by Potentiation of the Temporo- 
ammonic fEP.SP of Stratum Lacunosum- 
Moleculare 
Experimental setup (top left): fPSs in response 
to stratum radiatum stimulation (Sl) were re- 
corded in stratum pyramidale (A), whilefEPSPs 
in stratum lacunosum-moleculare (8) were elic- 
ited by stimulation of the temporoammonic 
path (52) 20-30 ms after stratum radiatum 
stimulation. A cut was made in the slice to iso- 
late completely the EC input via the dentate 
gyrus, and a second one was made from alveus 
to stratum radiatum to prevent spreading of 
electrical stimulation from the perforant path 
stimulation site and activation of en passant 
Schaffer collaterals. Stimulation (1 Hz) of 
the stratum radiatum afferents influences the 
fEPSPs recorded in stratum lacunosum-mo- 
leculare (bottom). The fPS (open squares) un- 
dergoes LTD following 1 Hz stimulation of only 
the stratum radiatum input. Despite the contin- 
ued stimulation of the EC Input at the control 
frequency (0.1 Hz), the fEPSP undergoes LTP 
(open circles). Traces of the fPS and fEPSP 
from a representative experiment are also 
shown (top right): before (Al and 81) and after 
(A2 and 82) the LTD-inducing protocol, and su- 
perimposed (Al, A2 and Bl, 82). 
mined the effect of induction of LTD in the CA1 subfield 
upon the level of activity arising from the direct tempo- 
roammonic excitation of the CA1 hippocampus. Induction 
of LTD of the CA1 fPS (19.5% + 5.8% of control; n = 
5; p < .Ol) was accompanied by a simultaneous potentia- 
tion of the paired (after 20-30 ms  delay) EC-CA1 distal 
dendrite fEPSP (113.4% + 2.3%; n = 5; p < .Ol; Figure 
6). This potentiation of the temporoammonic pathway was 
robust and lasted the duration of the recording. These data 
further support the hypothesis that induction of LTD at the 
synapses between the Schaffer collateral CA1 pyramidal 
neurons not only affects the level of excitatory activity in 
the CA1 pyramidal neurons and OAls but also impacts the 
level of activity of the entire CA1 hippocampus. 
Discussion 
These data demonstrate that CA1 OAI excitatory synaptic 
responses are depressed following low frequency stimula- 
tion of stratum radiatum afferents. Although the molecular 
events responsible for LTD induction in pyramidal cells 
have been recently shown to involve increased intracellu- 
lar Ca2+ levels through N-methyl-o-aspartate receptor (Du- 
dek and Bear, 1992; Mulkey and Malenka, 1992) or volt- 
age-dependent Ca2+ channel activation (Bolshakov and 
Siegelbaum, 1994) this does not appear to be the case 
for the OAls in our study. In fact, while LTD induction could 
be prevented in CA1 pyramidal neurons under whole-cell 
recording conditions using EGTA-loaded electrodes, LTD 
induction under these same experimental conditions was 
a/ways successful in OAls. Although we cannot exclude 
a different sensitivity of OAls to intracellular EGTA, this 
possibility appears highly unlikely. In addition, we were 
able to revert LTD with a LTP-inducing protocol after 50 
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min of whole-cell recording conditions, a time frame that 
has been reported to disrupt the intracellular machinery 
required for LTP induction (Kato et al., 1993). Together, 
these data suggest that significant perturbation of the in- 
tracellular compartment did not influence our ability to in- 
duce synaptic plasticity in the OAI. The most parsimonious 
explanation for our data is that the observed OAI LTD 
results from the passive propagation of the depressed fir- 
ing level of CA1 pyramidal neurons, whose recurrent col- 
laterals drive the excitation of the OAI. This interpretation 
is further supported by the analysis of the temporal rela- 
tionship between the fPS and the OAI and by the direct 
dependence of the OAI EPSP upon the amplitude of the 
CA1 fPS. These results are consistent with the hypothesis 
that horizontally oriented OAls are driven by the recurrent 
collaterals of the CA1 pyramidal neurons and are therefore 
likely involved in the generation of feedback inhibition (La- 
caille et al., 1987). That horizontally oriented OAls are 
not directly activated by afferents arising from the CA3 
pyramidal neurons is somewhat surprising; however, most 
of our recordings were obtained from cells located high 
in the stratum oriens-alveus, in the mid-distal part of the 
CA1 region, a region that has been reported to receive a 
sparse innervation from CA3 pyramidal cells (Bernard and 
Wheal, 1994). Our  data indicate a selective lack of feed- 
forward excitation on horizontal OAls, consistent with mor- 
phological observations following selective degenerations 
of the CA1 hippocampal subfield (Blasco-lbanez and 
Freund, 1995). 
Our  results contrast with previous reports of synaptic 
plasticity in interneurons, where the formation of LTP was 
suggested to share the induction Steps common to those 
described for CA1 pyramidal cells (Taube and Schwartz- 
kroin, 1987; Ouardouz and Lacaille, 1995). The possibility 
that OAls in our experiments may undergo a direct form of 
synaptic plasticity in addition to the feedback mechanism 
was ruled out in experiments using antidromic activation 
of the CA1 pyramidal neurons to elicit monosynaptic 
EPSPs in the OAls. In these experiments, we were unable 
to identify a direct postsynaptic induction mechanism in 
OAls in addition to their dependence on pyramidal cell 
plasticity. The simultaneous recording of the antidromi- 
tally evoked fPS ruled out any form of contamination from 
a feedback circuitry, as the amplitude of the fPS was virtu- 
ally unchanged, as would be expected from an event aris- 
ing independently of synaptic excitation. Moreover, it is 
highly unlikely that the lack of direct synaptic plasticity 
was due to the whole-cell recording conditions, since with 
the use of this same configuration, we were able to induce 
LTD successfully in single pyramidal cells. In addition, in 
experiments using perforated-patch techniques, where no 
dialysis of the internal compartment of the neuron occurs, 
we were still unable to observe LTD in these cells. At least 
three main types of morphologically distinct interneurons 
exist in the stratum oriens-alveus of the CA1 subfield 
(McBain et al., 1994). In our experiments, all data were 
obtained from identified horizontally oriented OAls, whereas 
no attempt was made in the studies of Ouardouz and La- 
caille (1995) to identify the morphological characteristics 
of the interneurons from which recordings were made. The 
data of Taube and Schwartzkroin (1987) were obtained 
from putative basket cells of the CA1 pyramidal cell layer, 
an entirely different class of inhibitory neuron (Buhl et al., 
1994). The simplest explanation for the apparent discrep- 
ancies between the present study and the data of Ouar-  
douz and Lacaille (1995) is that recordings were made 
from distinct populations of OAls. Consistent with this hy- 
pothesis is the observation that vertically oriented OAls 
receive feed-forward excitation following stimulation of the 
Schaffercollaterals(G. M. and C. J. M., unpublished data), 
underscoring the heterogenous nature of the cells in this 
subfield and their involvement primarily in either feed- 
forward or feedback inhibition (Lacaille et al., 1987). In 
addition, in this previous study, no data were given con- 
cerning the temporal nature of the evoked synaptic events, 
and all results were assumed to arise from monosynaptic 
inputs. In our experiments, careful attention was paid to 
the time course of the EPSP, which was always found 
to result from activation of a polysynaptic pathway when 
stimulating Schaffer collateral inputs. 
We also studied the effects of activation of pyramidal 
cell recurrent collaterals on the fEPSP generated by the 
direct temporoammonic pathway. Pairing antidromic CA1 
pyramidal cell stimulation, at different intensity levels with 
a fixed excitation of the direct EC-CA1 projection yielded 
a robust inverse relationship between the recorded fPS 
and the fEPSP. This phenomenon appeared to be re- 
stricted to modulating temporammonic pathway inputs to 
the CA1 pyramidal neurons; in fact, when the generation 
of antidromic f PS was paired on the same slices to stratum 
radiatum-CA1 stimulation, no inhibition of the fEPSP was 
observed. These results are most easily explained by the 
activation of a feedback inhibitory circuit that selectively 
innervates targets in the stratum lacunosum-moleculare. 
The postsynaptic target of a variety of inhibitory neurons 
has been shown to be very selective and specific and to 
depend upon the particular interneuron type considered 
(Gulyas et al., 1993a; Buhl et al., 1994). Horizontally 
oriented OAls have been shown to project their axon col- 
laterals primarily to the stratum lacunosum-moleculare 
(McBain et al., 1994), where the terminals of the direct 
EC-CA1 pathway end (Desmond et al., 1994). Moreover, 
as discussed previously, OAls appear to be involved pri- 
marily in the generation of feedback inhibition, making 
them the most likely candidates for the elements responsi- 
ble for the inhibition of the temporammonic fEPSP. We 
cannot exclude, so far, the possible participation of stra- 
tum lacunosum-moleculare interneurons in this phenome- 
non (Lacaille and Schwartzkroin, 1988a, 1988b; Williams 
and Lacaille, 1992). However,  a role for this class of 
interneurons in the regulation of entorhinal afferent input 
to CA1 appears unlikely under our experimental condi- 
tions In fact, stratum lacunosum-moleculare interneurons 
have been described as primarily feed-forward elements 
in the hippocampal circuitry (Lacaille and Schwartzkroin, 
1988b; Williamset al., 1994), and therefore, direct stimula- 
tion of the recurrent collaterals of CA1 pyramidal cells 
should have a minimal influence on their excitability. 
If OAls are involved in the regulation of EC-CA1 synap- 
tic activity arising in stratum lacunosum-moleculare, then 
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Figure 7. Schematic Model of the Effectsof Various Formsof Synaptic 
Plasticity on the Hippocampal Network 
The diagram in (A) shows the position of horizontal OAls in relation 
to the well-documented hippocampal slice circuitry. The enthorinal 
projections to the CA1 region are shown by the perforant path (1) and 
by the direct temporoammonic path (2). Granule cells of the dentate 
gyrus send their axon collaterals (3) to the CA3 region to excite CA3 
pyramidal cells. The Schaffer collateral pathway (4) arises from the 
axons of CA3 pyramidal cells and terminates on the dendritic tree of 
CA1 pyramidal cells. The axons of the CA1 pyramidal cells project 
through the alveus, where collateral branches contact OAls (5). The 
axons of the horizontally oriented OAls ramify within stratum lacuno- 
sum-moleculare to inhibit the direct input from the temporoammonic 
pathway (6). Excitatory synapses are drawn as closed; inhibitory syn- 
apses are represented as open. The flow charts of the hippocampal 
circuitry (B-D) depict different levels of synaptic plasticity. In naive 
slices(B), the temporoammonic path (2) is regulated by OAI inhibition 
(dashed arrow). Following induction of LTD (C), both the efficiency of 
synaptic transmission between subfield CA3 and CA1 and, conse- 
quently, the firing level of CA1 pyramidal neurons are decreased (thin- 
ner arrows), leading to a reduced synaptic activation of OAls. This 
results in a decreased level of synaptic inhibition (thin, dotted arrow) 
on the temporoammonic pathway, whose activity is consequently dis- 
inhibited (thick arrow). Under conditions that lead to LTP (D), the oppo- 
site situation to that depicted in (C) will occur. Under these conditions, 
the feedback potentiation of the inhibitory input to the stratum lacuno- 
sum-moleculare will result in an attenuation of the temporoammonic 
input to the CA1 hippocampus. 
the induction of LTD in the CA1 pyramidal neuron fPS 
should be accompanied by a disinhibition-induced potenti- 
ation of the direct EC-CA1 fEPSP. This prediction was 
confirmed in the experiment shown in Figure 6, where a 
LTD-inducing protocol was applied selectively to stratum 
radiatum afferents and resulted in a sustained “potentia- 
tion” of the paired temporoammonic fEPSP. These data 
are consistent with the regulation of the EC-CA1 projec- 
tion by OAls through a feedback circuit. Moreover, the 
involvement of stratum lacunosum-moleculare interneur- 
ons in this LTD-induced regulation of entorhinal afferents 
appears unlikely, since they have been reported to lack 
synaptic plasticity (Ouardouz and Lacaille, 1995; G. M. 
and C. J. M., unpublished data). 
We propose that synaptic plasticity between the Schaf- 
fer collaterals and CA1 pyramidal neurons passively prop- 
agates to OAls and can act as a powerful modulatory 
mechanism in the regulation of the hippocampal network 
(Figure 7). Induction of LTD at CA3-CA1 synapses would 
attenuate the number of CA1 pyramidal cells firing; their 
lower level of output would consequently result in a smaller 
number of OAls being activated. As a direct consequence, 
the level of inhibitory input onto the afferents arising from 
the temporoammonic path would be diminished, allowing 
an enhancement of the direct excitatory input from the EC 
to the CA1 hippocampus. Such a mechanism would result 
in a shift in the flow of synaptic activity to the CA1 hippo- 
campus, from preferentially arising from the classic trisy- 
naptic circuit to favoring activation via the direct EC projec- 
tions (Figure 7C). In contrast, the formation of LTP at the 
Schaffer collateral-CA1 hippocampus would result in a 
potentiation of the feedback inhibitory loop, which in turn 
would result in an attenuation of the direct excitation of 
the CA1 subfield by the temporoammonic pathway. Thus, 
passive potentiation of feedback inhibition would result in 
both an enhancement of information flow, preferentially 
through the trisynaptic circuitry arising from both the cellu- 
lar LTP at the CAB-CA1 synapse, and a depression of 
input from the temporoammonic path (Figure 7D). 
In conclusion, we have described a novel form of synap- 
tic modulation occurring on horizontally oriented inhibitory 
neurons of the stratum oriens-alveus. This synaptic plas- 
ticity does not arise from a direct cellular mechanism but 
is intimately associated with the level of synaptic plasticity 
occurring in the cells providing their excitatory drive, 
namely the CA1 pyramidal neurons. However,  despite the 
absence of a direct form of synaptic plasticity in these 
interneurons, the level of synaptic eff icacy in the CA1 pyra- 
midal neurons will directly impact the output activity of 
these cells and, consequently, the level of feedback inhibi- 
tion to the stratum lacunosum-moleculare. We propose 
that this network plasticity has important consequences 
fortherouteofsynapticinformationflowthroughthe hippo- 
campus and suggests that, depending on the level of syn- 
aptic strength of the CA1 pyramidal neurons, synaptic in- 
put to the CA1 hippocampus may preferentially arise from 
either the classic trisynaptic pathway or the direct inputs 
of the temporoammonic pathway. 
Experlmental Procedures 
Hippocampal Slice Preparation 
Transverse hippocampal slices were obtained from young Sprague- 
Dawley rats (16-22 days) according to the method described by Ed- 
wards et al. (1989). Briefly, rats were decapitated after isofluorane 
anesthesia, and the brain was rapidly dissected out in ice-cold saline 
solution (130 mM NaCI, 24 mM NaHC03, 3.5 mM KCI, 1.25 mM 
NaHzPO,, 1 mM CaCI,, 3 mM MgSO,, 10 mM glucose, saturated with 
95% 02, 5% COz [pH 7.41). The hemisected brain was glued on the 
stage of avibratome (Oxford series 1806) and serial slices of 350 pm 
thickness were cut. Slices were allowed a recovery period of at least 
1 hr before use, during which they were held in oxygenated media at 
room temperature. 
Electrophysiological Methods 
Electrophysiological recordings were carried out at room temperature 
with the use of conventional patch-clamp whole-cell (Hamill et al., 
1981) and field recording techniques. Tight seals (>l GD) were estab- 
lished under visual control (400 x water-immersion Hoffman optics, 
Zeiss), maintaining positive pressure in the patch electrode while pene- 
trating the slice (Blanton et al., 1989). The OAls were selected as 
possible targets on the basis of the horizontal alignment of their cell 
body and proximal dendrites, when visible. The standard extracellular 
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solution contained 130 mM NaCI, 24 mM NaHC03, 3.5 mM KCI, 1.25 
mM NaH,PO<, 2.5 mM CaC&, 1.2 mM MgS04, and 10 mM glucose, 
saturated with 95% Oz. 5% CO* (pH 7.4); bicuculline methobromide 
(1 uM) was routinely added to reduce inhibitory events. The patch 
pipette had a resistance of 4-5 MO when filled with an internal solution 
composed of 130 mM K-gluconate, 1 mM MgCI,, 10 mM NaCI, 2 mM 
ATP, 0.3 mM GTP, IO mM HEPES, 0.2-0.6 mM EGTA, and 0.2%- 
0.4% biocytin (final pH = 7.2). Perforated-patch (Korn et al., 1991) 
recordings were obtained using lower resistance (- 2 MD) electrodes 
filled with 100 mM K-gluconate, 5 mM MgC&, 5 mM TEA-Cl, and 40 
mM HEPES (final pH = 7.2) to which either nystatin (300 uglml) or 
amphotericin 6 (400 ug/ml) was added. The field recording electrode 
was filled with the standard extracellular solution and had a resistance 
of -5 MR. Whole-cell recordmgs were obtained with an Axopatch 
ID amplifier, while an Axoclamp 2B amplifier was used for field data 
acquisition. Stimulation of afferents (100-l 50 ms duration, 20-300 uA 
intensity) was achieved using a concentric bipolar electrode (FHC) 
connected to a constant-current isolation unit (A360, WPI). When al- 
veus stimulation was required, in some experiments a cut was made 
in the stratum oriens to stratum radiatum as described by Dingledine 
and Langmoen (1960) to obtain pure antidromic activation of CA1 
axons. The field recording electrode was positioned in the stratum 
pyramidale layer ofthe CA1 region for fPS recordings, in stratum radia- 
turn for CA3-CA1 fEPSP recordings, or in the stratum lacunosum- 
moleculare for recording of fEPSPs elicited by temporoammonic path 
activation. Stimulation of the temporoammonic path elicited a negative 
deflection fEPSP that was blocked by20 uM 6,7-dinitroquinoxaline-2,3- 
dione. However, activation of these projections was always unable 
to elicit a suprathreshold response in the fPS and required stronger 
stimulation intensities than stratum radiatum afferents (Colbert and 
Levy, 1992). In some experiments, the whole dentate gyrus was re- 
moved (see Figure 5) to avoid contamination arising from perforant 
path activation. In some experiments, a cut was made to isolate the 
dentate gyrus from the perforant path fibers, and an additional cut 
throughout stratum radiatum up to the border of stratum lacunosum- 
moleculare was made to prevent contamination from Schaffer collat- 
eral input, as shown in Figure 6. When paired stimulation of Schaffer 
collaterals and direct EC-CA1 afferents was required, we tested in 
some experiments the independency of the two pathways by verifying 
that coactivation of the set of afferents led to the addition of the two 
excitatory responses. 
Data were acquired and digitized with an A/D interface (Digidata 
1200, Axon) and analyzed by use of commercial software (pCLAMP6, 
Axon). EPSP initial slopes were calculated using a least-square regres- 
sion to minimize the contribution of voltage-activated conductances. 
fPS and fEPSP amplitudes were measured as shown by the double 
arrow in Figure 5. Data are reported in the text as mean & SEM, and 
when appropriate Student’s t test was applied. 
LTD- and LTP-Inducing Protocols 
During the course of an experiment, cells were held under current 
clamp at a membrane potential ranging from -70 to -80 mV and were 
stimulated at a control frequency of 0.1 Hz. To induce LTD, 10 min 
of 1 Hz stimulation was applied. LTP was induced by four tetani (100 
Hz, 1 s duration) separated by 30 s, as described previously (Schuman 
and Madison, 1994). Series resistance was continuously monitored 
after every evoked potential and corrected throughout theexperiments 
if needed. In the experiments presented in Figure 4, to reduce rundown 
of any essential components necessary for LTD induction, the initial 
baseline recording was reduced to 5 min. 
Histological Methods 
After electrophysiological recordings, skces were flxed In a 4% solu- 
tion of paraformaldehyde (>24 hr). After immersion in 30% sucrose 
in PBS, slices were cut in 70-90 urn sectlons on a freezing microtome. 
Biocytin staining was processed using an avidin-horseradish peroxi- 
dase reaction (Vectastain ABC Standard Kit). The biocytin reaction 
was enhanced using a solution containing NiNH,SO, (1%) and CoClz 
(1 o/o). The slices were then mounted and dehydrated on gelatin-coated 
glass slides for camera lucida reconstruction. 
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